Hordes of tourists fl ock to Washington, D.C. every spring to see the cherry trees blossom. Once in the city, they must fi nd their way to the Tidal Basin where the Japanese trees grow. Fortunately, a number of visual landmarks can help them to navigate. In 1910, the United States Congress passed The Height of Buildings Act, limiting the elevation of commercial and residential structures in D.C. to 130 feet. Thus, the 555-foottall Washington Monument often looms large against the horizon, serving as an anchor point to help set the tourists' sense of direction. Once their heading is set, they can lose sight of the monument behind buildings or groups of tall Scandinavian visitors and still use their internal compass to navigate to the Basin. This compass keeps track of their paces and turns and updates their sense of where they are and where they need to go. Yet while their heading informs their actions, it does not dictate them. Tourists who have been to D.C. in the past can, for example, use remembered views to alter their routes to avoid crowds. On an even fi ner scale, their leg movements also depend on their current state -they might increase the frequency and length of their strides if hunger pangs compete with their desire to see cherry blossoms, for example. The way in which these disparate cues and motivations infl uence exploration is a neuroscience mystery across creatures large and small. Navigation, whether by a human tourist or a roving insect, requires an exquisite coupling between the senses and the body's movements. This coupling, also referred to as sensorimotor integration, is fl exible enough to allow animals to incorporate past experience and current context into the decision-making process. In insects, compelling behavioral and physiological evidence suggests that a highly conserved brain region called the central complex is key to such adaptive sensorimotor processing.
together are termed the central body, with the ellipsoid body occasionally referred to as the central body lower, and the fan-shaped body as the central body upper. The regions are connected to several paired support areas including the lateral accessory lobe and the bulb. The lateral accessory lobe is innervated by many neurons, including descending neurons that carry signals down to the ventral nerve cord, which controls the legs and wings.
The four central complex structures are found across an array of arthropods, and the conservation of these structures across 500 million years of arthropod evolution speaks to their importance. Though their form varies from species to species, individual neurons that innervate the structures are conserved to a remarkable degree. Figure 1B shows one such example, a protocerebral bridge-fan-shaped body-lateral accessory lobe neuron found in the locust, and its likely counterpart in the fruit fl y. While the roles of the individual regions are not yet well understood, an increasing number of exciting studies are shedding light on how they work together to take in sensory information from the world, integrate it with the current state and past experience of the animal, and output motor commands to direct the animal's movements.
Primer
This region is linked to sun-compass navigation in Monarch butterfl ies and locusts, to the use of polarized moonlight to maintain straight paths by nocturnal dung beetles, to visual landmark orientation and place learning in fruit fl ies, and to antenna-guided obstacle navigation in cockroaches. Thus, the central complex provides a fascinating and accessible substrate for understanding some of the fundamental integrative neural processes underlying navigation. Herein, we provide an overview of anatomical, behavioral and physiological results that suggest how this brain region links sensation and action in insects.
Conserved complexity
The central complex is aptly named. Central to the arthropod brain, it unites inputs from the right and left in a few central structures, in relative contrast to the more widely separated, paired structures of the rest of the brainand it is indeed intriguingly complex! The structures of the central complex are woven together by dense layers and columns of neurons. These neural threads wind their way through the four heavily interconnected structures shown in Figure 1 : the protocerebral bridge, ellipsoid body, fan-shaped body, and the paired noduli. The ellipsoid body and the fan-shaped body R454 Current Biology 26, R445-R460, June 6, 2016
Compass inputs from land and sky Before making a decision about where to move in its environment, an animal usually gathers information about its surroundings and gets its bearings. Monarch butterfl ies rely on the position of the sun to maintain their heading while migrating thousands of kilometers, from eastern North America to an oyamel fi r forest in Mexico. In both the Monarch butterfl y and another longrange fl ier, the desert locust, intracellular recordings have revealed neurons throughout the central complex that respond to the polarization direction of a global light source ( Figure 2A) , with polarization patterns that match those of scattered sunlight evoking the strongest responses. Further, the responses of some protocerebral bridge neurons create a vector-specifi c polarization map across the protocerebral bridge, with each of its columns representing a preferred electric fi eld vector orientation. Many of the same neurons also respond to the direction of a strong, singular light source, supporting the idea that the central complex enables sun-compass navigation in these species. Maintaining a straight course is no less vital for nocturnal dung beetles. These beetles must roll a ball of dung from a pile as quickly as possible to avoid potential competitors. They get their bearings using polarized light patterns on a dim night, but are fl exible enough to use the angular position of the sun if operating in daylight. This adaptability is mirrored by its central complex neurons, which, intracellular recordings show, are sensitive to the azimuthal position of a single light source in bright conditions, but switch to being polarization-sensitive in dim conditions. Overall, these observations demonstrate the evolutionary fl exibility of the central complex, and suggest that central complex activity in these insects allows them to use a sky compass to determine their orientation in the environment.
Navigation does not have to be wholly celestially guided, however. Terrestrial cues can also help an insect fi gure out where it wants to go, and many insects likely use both, shifting more towards one or the other set of cues depending on their situation. The fruit fl y, which can use a sky compass to maintain a constant heading during fl ight, may rely more on terrestrial cues when it is walking around. Some fl y neurons that pass from the bulb to the ellipsoid body process the fl y's visual surroundings, with each neuron responding preferentially to specifi c visual features within a small area of the fl y's view. As a group, the neurons tile the fl y's visual fi eld and show a bias for vertically oriented features around the fl y. Thus, the fl y's central complex seems well equipped to process terrestrial landmarks like tree trunks and the stalks of plants, fi tting perhaps for a generalist insect that makes trips long and short in varied visual surroundings.
Finally, while visual cues provide important information about the layout of the world, other sensory cues can also provide directional information. In the cockroach, which is known to use antennal touches to navigate around walls and under or over obstacles, responses of some central complex neurons are correlated with antennal contact. The blowfl y central complex also takes in antennal information, with some neurons showing responses to air puffs delivered to the antennae. In short, the central complex receives multisensory input, which enables insects to orient in their surroundings.
And… action?
Having gathered information about the insect's surroundings, the brain must then select an action. An array of evidence points to the central complex's ability to serve in this role, incorporating sensorimotor information to direct the insect. Perhaps the most direct evidence of central complex involvement in motor control comes from the cockroach. Lesions in central complex structures in the cockroach lead to more variable turning and diffi culties in navigating shelf-like objects and climbing. If, for instance, the ellipsoid body is damaged, the cockroaches have diffi culty turning away from a wall that they brush with their antennae, as exemplifi ed in Figure  2B . While this response could indicate alterations to either sensory integration or motor output, when the activity of central complex neurons was compared to various gait parameters, as shown in Figure 2C , it was predictive of the roach's movements by hundreds of milliseconds. This predictive signal suggests that the central complex may be directly involved in the generation of motor commands and the initiation of movement. Other recordings of the activity of cockroach central complex neurons have shown strong correlations with turning and changes in step frequency. Locomotor defi ciencies are also seen in fruit fl ies that lack subsets of central complex neurons. Damage to the protocerebral bridge, for example, leads to shortened walking bouts or diffi culties in crossing gaps, while fl ies with incomplete ellipsoid bodies seem unable to track a stripe while fl ying. Further, a number of modulatory neurons infi ltrate the structures of the central complex and have been linked to, among other things, the amount of locomotor activity. Dopaminergic neurons with processes in dorsal fan shaped body layers mediate sleep and arousal in fruit fl ies, suggesting a role for the central complex in gating motor activity.
Thus, the central complex seems to have the necessary elements to direct an insect's movements: sensory inputs and predictive motor outputs. But is it simply a hardwired switchboard linking sensation to action?
Integrating sensory and motor, past and present
If the central complex were a switchboard, its role would be limited to rigidly transforming specifi c sensory information into particular actions. To navigate more fl exibly, however, an animal needs to combine external sensory information with information about its own current state and past experiences. The central complex has been linked to many such behaviors, suggesting that it is much more than a hardwired router. In fruit fl ies, for instance, the ellipsoid body has been implicated in the fl y's ability to learn to discriminate between different visual patterns during tethered fl ight, and to employ short-term memory for landmark orientation while walking ( Figure  2D ). Additionally, in an assay that is reminiscent of place learning tasks in mammals, only fl ies with intact ellipsoid bodies can use visual information to learn and later recall a safe cool spot within an otherwise aversive thermal environment ( Figure 2E ).
While these studies strongly point to the involvement of the fl y central complex in incorporating remembered visual cues during navigation, they give little insight into the underlying machinery. Some hints of a possible mechanism have been observed with calcium imaging in the central complex of tethered fl ies walking in a simple visual virtual reality environment. A population of neurons in the ellipsoid body of these fl ies maintains a 'bump' of activity, shown in Figure 3A , wherein only a local subset of neurons is active at a given time. The ellipsoid body takes the shape of a doughnut in fruit fl ies, and the bump rotates around it as the fl y's orientation to its surroundings changes, with different groups of neurons becoming active sequentially. The activity bump moves much like a compass needle, tracking the fl y's orientation in darkness and in the presence of visual landmarks in virtual reality. Landmark tracking by the bump follows sudden angular rotations in the world and adjusts to different visual surroundings and to altered gain between the fl y's rotation and the virtual world's movement. Further, the persistence of this representation of angular orientation in darkness suggests that this compass must also integrate angular rotations using information about the insect's selfmotion, whether through proprioceptive feedback or an efference copy of motor commands to its limbs. The bump seems to provide the fl y with an abstract representation of its orientation, but it is as yet unclear how this representation is shaped by past experience.
So how is the bump formed, maintained and moved? While these questions are still open, the answers may lie in the circuitry of the central complex, illustrated in Figure 3C . The protocerebral bridge consists of a series of dendritic and axonal columns, termed glomeruli, split evenly between the left and the right hemispheres. The total number of glomeruli may vary by species, with, for example, a total of 16 in the locust and 18 in the fruit fl y. Most of the neurons coming and going from individual glomeruli cross the midline and make synaptic connections within corresponding columns of either the fan shaped body or the ellipsoid body before continuing on to the other structures, such as the noduli, gall, rubus or lateral accessory lobe. Neurons from matched glomeruli on either side of the protocerebral bridge meet to form the fan shaped body and ellipsoid body columns, leading to roughly half as many columns in the ellipsoid body and fan shaped body as there are glomeruli in the protocerebral bridge.
The well-organized loops that seem to connect the protocerebral bridge, ellipsoid body, and fan-shaped body seductively hint at the implementation of a so-called 'ring attractor' within the central complex. The ring attractor, a theoretical concept that is often used to describe the mammalian head direction system, allows for the stable formation of one localized 'bump' of activity within a population of neurons. This bump can move around with sensorimotor input, allowing an animal to maintain a single, continuously updated sense of direction. Figure 3B shows a schematic of a sample network that could implement a ring attractor. This compass network features two main elements: nodes whose activation represents different heading directions (the gray circles), and a specifi c pattern of recurrent connections between those nodes (the weights). External inputs push the bump of activity around the ring, allowing it to move between nodes.
An exciting possibility that needs experimental confi rmation is that the neurons that connect the central complex structures may act as ring attractor nodes ( Figure 3D ). Further, connections between the neurons within the structures may provide the necessary weighted connections R456 Current Biology 26, R445-R460, June 6, 2016 for a ring attractor network, allowing activity to be localized and moved like a compass needle around a ring of nodes. Such connectivity might be shaped by the many interneurons that weave through the protocerebral bridge, fan shaped body, and ellipsoid body (see, for example, Figure 3E ) and neuromodulatory inputs to these structures ( Figure 3C ) might allow contextual and experience-dependent modifi cation of the connections. Such a network could allow the creation, maintenance and movement of an activity bump that represents the animal's orientation in a variety of environments. The insect could then use this sensorimotor percept of orientation to select and initiate situation-appropriate actions. Further, while the inputs to the central complex are certainly incompletely understood, the outputs of the central complex are practically unknown. What do the animals do with their orientation vector? How exactly do they convert this abstract information into action? Does the central complex control the fi ne structure of an insect's motor output, or does it provide high-level direction and leave the details to thoracic networks? An insect's locomotion is clearly infl uenced by many other descending pathways -when does the central complex take center stage?
The path forward
It is also not yet clear how salience is added to an insect's world to weight available actions. Interestingly, some ellipsoid body input neurons have been linked to fl ies' ability to identify the nutritional content of food, which could provide further motivation to remember or explore particular locations. Perturbations to the central complex have also resulted in alterations in courtship in the fruit fl y and in singing in the cricket, which suggests that the drive to fi nd a mate may also infl uence central complex sensorimotor function.
The number of open questions is both exciting and dizzying. Fortunately, the tractable number of neurons within the insect central complex readily allows for dissection and understanding of the underlying mechanisms. Electron microscopy and functional connectivity can help to establish a wiring diagram and guide rigorous theoretical models. The ability to examine a complex sensorimotor integration center down to the level of individual synaptic connections is incredibly powerful.
In conclusion, the central complex is a fascinating sensorimotor hub that offers the tantalizing hope of fully understanding the neural workings of aspects of navigation that are relevant across species. It takes in sensory and motor input, tracks heading, possibly with an attractor network, and generates predictive motor outputs. Learning, memory, and context also help shape the activity in this network, adding further fl exibility to the workings of this region. It is no wonder that this powerful set of neurons is conserved across insects and crustaceans, and it will be fascinating to learn how the structure has evolved to meet each species' specifi c needs.
